New series of cationic block copolymers PHML-b-PMAGal and statistical copolymers P (HML-st-MAGal) with pendant natural galactose and (l-)-lysine moieties were prepared via RAFT (reversible addition-fragmentation chain-transfer) polymerization. The block/statistical copolymers showed high plasmid DNA binding affinity (N/P<2) and the as-formed polyplexes were spherical nanoparticles with the average size of 100~300 nm and surface zeta potentials of +30.2~+46.3 mV.
Introduction
In the past few decades, cationic polymeric non-viral gene vectors have been developed as a new technique for gene therapy, and it is well known that successful gene therapy largely depends on the choice of suitable building blocks in construction of the cationic polymeric gene vectors 1-4 . Although many cationic polymeric vectors were developed to mediate efficient intracellular gene transfection, some defects such as high cytotoxicity 5 , immunogenicity 6 and low serum-compatibility 7, 8 severely restricted their clinical application in gene therapy. To solve these issues, a general approach in previous works is to conjugate/modify cationic polymers with polyethylene glycol (PEG), which could be employed to shield cationic surface charge, decrease cytotoxicity and improve serumcompatibility of cationic polymer vector/gene complexes 5, 9 . However, it should be noted that the "stealth" effect of PEG could decrease cell adhesion and intracellular uptake, further resulting in lower transfection efficiency of the polyplexes 10 . Moreover, the PEG-modified polymeric vectors might induce immune-response as antigens and would be erased by macrophage systems after injection 11 . complicated and uncontrollable structures of these natural polysaccharide glycopolymers, it is difficult to elucidate their concise structure-activity relationships. Thus, developing new cationic glycopolymers with defined and controllable molecular structures as efficient gene vectors/carriers is of high demand.
With the development of controlled free radical polymerization, a lot of functional glycopolymers with well-defined structures and controllable molecular-weight could be facilely prepared 24, 25 , which made it possible for further investigating the correlation between polymer structure and gene transfection related properties. e. g. Narain et al synthesized a series of well-defined block and random glycopolymers as gene vectors and found the latter showed higher gene transfection efficiency than the former one [26] [27] [28] [29] . Reineke et al prepared some cationic glycopolymers as gene vectors and disclosed that introducing of sugar-containing blocks could increase the stability of pDNA-loaded complexes by preventing their aggregation in culture medium 14, [30] [31] [32] [33] . However, to our knowledge, many cationic building blocks used for constructing glycopolymeric gene vectors were non-biodegradable or low-biocompatible. Alternatively, cationic amino acids (such as (l)-lysine and (l)-arginine) serve as essential biocompatible natural cationic building blocks for constructing new cationic gene vectors with low cytotoxicity and high pDNA binding affinity 34, 35 . Moreover, some cationic glycopolymers constructed by amino acids and carbohydrates could act as high efficient synthetic mimics of natural virus-based gene vectors 36, 37 . However, up to now, design and synthesis of well-defined cationic amino acid-based glycopolymer gene carriers with low cytotoxicity, high gene transfection efficiency and preferred serum-compatibility is still a challenge. Besides, the structure-activity relationships and intracellular features (especially precise mechanisms of intracellular uptake and trafficking) of the amino acid-based glycopolymer gene carrier systems are still far from clear and need to be deeply investigated.
To develop new amino acid-based cationic glycopolymers with well-defined structures and elucidate the structure-dependent gene transfection properties, in this work, a series of diblock (PHML-b-PMAGal) and statistical (P(HML-st-MAGal)) cationic glycopolymers with pendant galactose and (l)-lysine moieties were synthesized by RAFT polymerization. The cytotoxicity, in vitro luciferase (Luc) gene transfection efficacy and the impact of serum on the gene transfection efficiency were evaluated in various cell lines. Finally, the cellular uptake/endocytosis pathway and intracellular localization of the glycopolymers/pDNA payloads were investigated and discussed.
Experimental Procedures

Materials
4-cyano-4-(dodecylsulfanylthiocarbonyl)sulfanyl pentatonic acid were synthesized according to the literature 38 . HEMA-Boc-Lys monomer was synthesized according to our previous work 39 . Synthesis of the glycomonomer 6-O-methacryloyl-1, 2, 3, 4-di-O-isopropylidene-galactopyranose (MAIGal) was depicted in S1 (supporting information). Tetrahydrofuran (THF) was dehydrated by refluxing with sodium and purified by distillation before use. Schlenk tube, which was deoxygenated by freeze-pump-thawing for three times, and then immersed into an oil bath thermostated at 90°C for 24 h. Afterward, the mixture was precipitated in hexane, filtrated and dried in vacuum to give the P(HMLBoc-st-MAIGal) as pink powder. 7 The as-prepared PHMLBoc, PHMLBoc-b-PMAIGal and P(HMLBoc-st-MAIGal) polymer precursors were deprotected at room temperature in mixed trifluoroacetic acid (TFA) and tetrahydrofuran (THF) (2/1, v/v) for 24 h, and then precipitated in cold diethyl ether, filtrated and dried in vacuum, the final cationic polymer products were obtained as white solids.
PHML: FT-IR spectra: FT-IR spectra were recorded on a Bio-Rad FTS-185 spectrometer at room temperature in the wavelength ranging from 4000 to 500 cm -1 with 4 cm -1 spectral resolution (64 times scanning). 
PHML-b-PMAGal
Average particle size and Zeta potential measurements by DLSs
Each cationic polymer/pDNA polyplexes were prepared by mixing cationic polymers with 1 µg pDNA (1 mL solution) at various N/P charge ratios in deionized water. Average particle sizes and Zeta potential values of the PHML/pDNA, PHML-b-PMAGal/pDNA and P(HML-st-MAGal)/pDNA polyplexes were measured by dynamic scattering instrument (Malvern Zetasizer Nano ZS90, UK, λ=633 nm, scattering angle of 90°) at 25°C.
Transmission electronic microscopy (TEM)
The morphology of the PHML 40 /pDNA, PHML 40 -b-MAGal 3 /pDNA and P(HML 40 -st-MAGal 4 )/ pDNA polyplexes were measured by TEM (JEOL-1230, JEOL Co. Ltd, Japan) with an acceleration voltage of 80 KV. For each sample preparation, the polyplex solution (1.0 mg/mL) was dropped onto a 300-mesh carbon-coated copper grid, excess solution was absorbed and removed with filter paper, and the grid was then air-dried at room temperature. 9 24 h. Then 20 µL of MTT solution (5 mg/mL) was added into each well and incubated for additional 2 h at 37°C. After that, the medium was discarded and 100 µL/well DMSO was added with mildly shaken for 10 min to dissolve the formed MTT formazan. The absorbance of all samples was measured with six replicates (n=6) by using microplate reader (BioTek, ELx800, USA) at λ=490 nm Then the H1299 cells were washed with 1×PBS for three times to eliminate fluorescence background.
The cells were fixed with 4% paraformaldehyde in 0.12 M phosphate buffer (pH=7.4) for 10 min and washed with 1×PBS for three times. Lysotracker (final working concentration 100 ng/mL) was added to stain the endosome/lysosome and incubated for 15 min before fluorescence imaging.
Finally, the intracellular localization of the P(HML 40 -st-MAGal 4 )/Cy3-pDNA polyplexes were visualized and recorded on a Nikon Ti-S invert fluorescence microscopy. 45 . Moreover, the MTT results suggested that the cationic glycopolymers might be employed as comparatively safe vectors for gene delivery application.
Results and discussion
Preparation and characterization of the cationic polymers
In vitro luciferase gene transfection
In vitro gene transfection activity of PHML, PHML-b-PMAGals and P(HML-st-MAGal)s cationic polymers were evaluated under the presence of serum (10% FBS) in H1299 cells, with commercially available "gold standard" bPEI-25K as the control. As shown in Figure 6 , homopolymer PHML showed its optimum transfection efficiency of 4.5-fold higher than that of bPEI-25K, the low-galactose-content cationic glycopolymers PHML 40 cells mainly through the Caveolae-mediated (or lipid-raft-mediated) endocytosis and microtubuledependent pathway. Interestingly, with addition of the clathrin-mediated endocytosis inhibitor diameter (150~300 nm) and positive zeta potential (+30~45 mV) of the cationic glycopolymers/pDNA polyplexes were found suitable for intracellular uptake. MTT assay showed that the cationic glycopolymers had significantly lower cytotoxicity than bPEI-25K, which depended on the block/statistical polymer architecture and galactose contents. Moreover, it could be noticed that the statistical copolymer P(HML 40 -st-MAGal 4 ) with 4.8% galactose content showed the highest gene transfection efficiency among the synthesized cationic glycopolymers in the presence of 10% FBS, much higher than the "gold standard" bPEI-25K in various (H1299, SK-HEP-1, MCF-7, CHO, HeLa and COS-7) cell lines. Endocytosis pathway analysis indicated that the P(HML 40 -st-MAGal 4 )/pDNA polyplexes entered into H1299 cells mainly through the caveolae-mediated (or lipid-raft-mediated) endocytosis pathway and greatly depended on microtubule. Moreover, the P(HML 40 -st-MAGal 4 )/pDNA polyplexes showed related fast cellular uptake capability and obvious endosome/lysosome escaping effect. In conclusion, the current results suggested the synthesized cationic glycopolymers might be served as potential candidates for safe and efficient gene delivery in practical applications. 
